The major defining pathological hallmark of Alzheimer's disease (AD) is the accumulation of amyloid ␤ protein (A␤), a small peptide derived from ␤-and ␥-secretase cleavages of the amyloid precursor protein (APP). Recent studies have shown that ␤-and ␥-secretase activities of BACE1 and presenilin, respectively, are concentrated in intracellular lipid raft microdomains. However, the manner in which APP normally traffics to lipid rafts is unknown. In this study, using transient transfection and immuno-precipitation assays, we show that the cytoplasmic domain of low-density lipoprotein receptor-related protein (LRP) interacts with APP and increases A␤ secretion and APP ␤-CTF (C-terminal fragment) generation by promoting BACE1-APP interaction. We also employed discontinuous sucrose density gradient ultracentrifugation to show that the LRP cytoplasmic domain-mediated effect was accompanied by greatly increased localization of APP and BACE1 to lipid raft membranes, where ␤-and ␥-secretase activities are highly enriched. Moreover, we provide evidence that endogenous LRP is required for the normal delivery of APP to lipid rafts and A␤ generation primarily in the endocytic but not secretory pathway. These results may provide novel insights to block A␤ generation by targeting LRP-mediated delivery of APP to raft microdomains. -Yoon, I.-S., Chen, E., Busse, T., Repetto, E., Lakshmana, M. K., Koo, E. H., Kang, D. E. Low-density lipoprotein receptorrelated protein promotes amyloid precursor protein trafficking to lipid rafts in the endocytic pathway.
Alzheimer's disease (AD), the most common form of dementia, is pathologically characterized by the extracellular accumulation of the amyloid ␤ (A␤) peptide in senile plaques as well as intracellular accumulation of tau in neurofibrillary tangles. Although the causal relationship between A␤ and AD still remains to be firmly established, increasing genetic and biochemical evidence strongly suggests that A␤, especially the longer A␤42 isoform, plays a crucial and early role in AD pathogenesis (1) . The vast majority of amyloid precursor protein (APP) is constitutively cleaved in the middle of the A␤ sequence by ␣-secretase (TACE/ ADAM17 and/or ADAM10) in the nonamyloidogenic pathway, thereby abrogating the generation of an intact A␤ peptide. Alternatively, a small proportion of APP is cleaved in the amyloidogenic pathway, leading to the secretion of A␤ peptides (37-42 amino acids) via two proteolytic enzyme activities, ␤-and ␥-secretase, now known as BACE and presenilin, respectively (2) . Endocytic processing of APP from the cell surface is apparently required for A␤ generation by delivering APP to intracellular sites enriched in ␤-and ␥-secretase activities in non-neuronal cells (3, 4) . It is now well recognized that BACE and presenilins are highly enriched in lipid raft microdomains (5-9), a subpopulation of cellular membranes that are insoluble in nonionic detergents at 4°C and heavily enriched in cholesterol, sphingomyelin, and glycolipids (10, 11) . As such, disruption of lipid rafts by cholesterol-depleting agents completely abrogates A␤ formation (12) . Moreover, targeting BACE1 exclusively to lipid rafts by glycophosphatidylinositol (GPI) anchor to recombinant BACE1 markedly increases ␤-secretase activity (13) . Although only a small fraction of APP associates with rafts, it is clear that the majority of A␤ generation occurs in these cholesterol-rich membrane subpopulations. At present, the molecular mechanisms underlying the trafficking of APP to rafts are unknown.
The low-density lipoprotein receptor-related protein (LRP) is a multifunctional endocytosis receptor that mediates the internalization and degradation of ligands involved in diverse metabolic pathways (14) . LRP, a type I transmembrane protein, is synthesized as a 600 kDa precursor protein that is subsequently cleaved in the trans-Golgi compartment by furin to generate a large 515 kDa ␣ chain and a smaller 85 kDa transmembrane ␤ chain that remain noncovalently linked (15) . The short cytoplasmic tail of LRP contains two NPxY motifs and two dileucine-based motifs and interacts with a number of cytoplasmic adaptor and scaffold proteins, such as FE65, Shc, PSD-95, Mint2, Disabled-1 (Dab1), and JIP-1 and -2 (16 -18) . Recent studies (19 -21) also found that LRP interacts with APP, BACE1, and presenilin 1 presumably through the short cytoplasmic as well as the extracellular domains. The latter studies (20 -22) also showed that LRP itself undergoes a presenilin-dependent ␥-secretase intramembrane proteolysis as well as ␤-secretase-like cleavage by BACE1.
Several lines of evidence have implicated the involvement of LRP in AD pathophysiology. First, we and others (23) (24) (25) have shown that LRP is genetically associated with late-onset AD. Furthermore, we (23, 26) have shown that LRP genotypes are associated with the age of disease onset and severity of amyloid pathology in AD subjects, much like that shown for apolipoprotein E (apoE) genotypes (27) . Second, three of its key ligands, apoE, ␣2-macroglobulin, and APP are also genetically associated with AD and are found in senile plaques in the brains of AD patients along with LRP (27) (28) (29) , further implicating the LRP pathway in AD pathophysiology. Third, LRP plays a role in the removal of A␤ complexed to ␣2-macroglobulin and apoE in cultured cells (26, 30, 31) , as well as in brain efflux of A␤ isoforms at the blood-brain barrier, supporting a model in which LRP plays an important role in extracellular A␤ uptake and removal (32) .
By an opposing modality, it has also been shown that LRP promotes A␤ generation by altering the processing and/or trafficking of APP, possibly by APP/LRP interactions via the Kunitz protease inhibitor (KPI) domain as well as through its cytoplasmic tail (33, 34) . Indeed, the loss of LRP or treatment of receptor-associated protein (RAP), an antagonist of all known LRP ligands, greatly reduced A␤ release (35) , a phenotype that was reversed when full-length (LRP-FL) or an artificially N-terminal truncated LRP construct was transfected in LRP-deficient cells. Specifically, the C-terminal 370 amino acids of LRP (LRP-CT) containing the transmembrane (TM) domain and the cytoplasmic tail as well as LRP soluble tail (LRP-ST) lacking the TM domain but containing the cytoplasmic tail were sufficient to rescue amyloidogenic processing of APP and A␤ release in LRP-deficient cells (34, 36) . In particular, we found that LRP-ST stimulated A␤ secretion at least in part by increasing ␤-secretase cleavage of APP without significantly changing the rate of APP endocytosis (36) . Interestingly, a recent study using fluroescence resonance energy transfer (FRET)-based and pull-down assays demonstrated that the LRP cytoplasmic domain interacts with BACE1 (21) . Since APP can also interact with LRP cytoplasmic tail, this led us to hypothesize that the LRP cytoplasmic domain might facilitate amyloidogenic processing of APP by enhancing the association APP with BACE1, the latter that is enriched in lipid raft membranes. In this study, we have confirmed this very prediction. Moreover, we demonstrate that endogenous LRP is critical not only for vast majority of A␤ generation but also the delivery of APP to lipid raft microdomains through the endocytic pathway.
MATERIALS AND METHODS

Cell Culture
All cell lines were cultured in Dulbecco's modified Eagle's medium (Mediatech/CellGro, Herndon, VA, USA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA). Stably transfected Chinese hamster ovary (CHO) cells were generated with wild-type APP751 or Swedish mutant APP751 as described previously (3, 37) .
cDNA Constructs
LRP constructs used in this study are illustrated in Fig. 1 . LRP minireceptor construct (LRP-D1/2) was generated by PCR and subcloned into pLPCX retroviral vector (Clontech, Palo Alto, CA, USA). The LRP-CT construct was subcloned into the pLHCX retroviral vector (34) . The last 97 amino acids of the cytoplasmic domain (or soluble tail) of LRP ␤-subunit (LRP-ST) were generated by PCR as described previously (36) and subcloned into the pEGFP-C3 vector (Invitrogen, Carlsbad, CA, USA) to generate GFP fusion protein. The cDNAs of human APP751 Swedish mutant (Swe-APP751) and human BACE1 were subcloned into the pLHCX and pLPCX retroviral expression vector, respectively (Clontech). Wild-type APP751 was subcloned in pcDNA3 vector (Invitrogen).
Transient transfection
The small interfering RNA (siRNA) targeting human LRP1 (5Ј-ccgcuccugcaaggccaaguu-3Ј) was custom synthesized by Dharmacon. Transfections of either the single-stranded sense oligo of LRP or the LRP siRNA duplex (final concentration; 50 or 150 nM) were performed using Lipofectamime 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. After 24 -36 h of the first transfection into the APP751-CHO or SwAPP751-CHO cells, a second transfection was performed to enhance the knock-down effect of the LRP siRNA. Twenty four hours after the second siRNA transfection, conditioned media were collected for A␤ detection, and the cells were lysed with 1% CHAPS lysis buffer for the lipid raft fractionation as described below. Transient transfections of cDNA constructs were performed using Lipofectamine 2000 (Invitrogen) as instructed by the manufacturer.
Antibodies
The polyclonal antiserum 1704, which recognizes cytoplasmic domain of LRP1, and the polyclonal antiserum CT15, which reacts with the cytoplasmic region of APP, have been described previously (34) . For the detection of the full-length APP and APP-CTFs, CT15 antibody was used. The 1704 antibody recognizes endogenous LRP of hamster, mouse, and human. Monoclonal antibodies 1G7/5A3 and 26D6, which recognize the ectodomain of APP, were used for the detection of secreted APP and A␤, respectively (38) . Polyclonal antibody B279 that recognize human BACE1 was kindly provided by Dr. R. Yan (Lerner Research Institute, Cleveland, OH, USA). The GFP antibody was purchased from Stressgen (Victoria, Canada), and antibodies against flotillin-1 and caveolin-1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Immunoprecipitation and immunoblotting
For coimmunoprecipitation and Western blotting, cell extracts were prepared with 1% 3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPS) lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 0.002% sodium azide, 400 nM Microcystin-LR, 0.5 mM sodium vanadate, and 1ϫ Protease Complete Inhibitor mix (Sigma). To detect A␤, 1 ml of conditioned media was collected after 24 or 48 h and subjected to the immunoprecipitation. The 26D6 antibody was used for both immunoprecipitation and Western blot analysis. The prepared samples were denatured by SDS sample buffer and fractionated by SDS-PAGE in 4 -12% NuPAGE Bis-Tris gels (Invitrogen) or 10% Tris-glycine gels. Gel loading was normalized to total protein concentration as measured by the micro BCA method (Pierce, Rockford, IL, USA). Western blotting was carried out with the indicated antibodies and detected by enhanced chemiluminescence (Pierce). Quantitation of the chemiluminescence signal was done using a CCD camera imaging system (GeneGnome, Syngene, Frederick, MD, USA). All experiments were performed at least three times, and each experiment was done in duplicate or in triplicate. Data are mean Ϯ se.
Lipid raft isolation
CHAPS detergent (1%, w/v)-treated cell extracts were fractionated by discontinuous sucrose density gradient ultracentrifugation according to the previous study (5) . Briefly, confluent cells in 10 cm plates were washed with PBS on ice, scraped in TNE buffer (25 mM Tris, pH 7.4, 150 mM NaCl, and 2 mM EDTA) containing protease inhibitor mix (Sigma), and pelleted by low speed centrifugation. The cell pellets were then disrupted by 10 strokes through a 25-G needle in TNE buffer, and an equal volume of TNE buffer containing 2% CHAPS was mixed together and incubated on ice for 30 min. The CHAPS cell extracts were then mixed with TNE buffer containing sucrose to yield a final concentration of 45% (w/v) sucrose and laid at the bottom of the ultracentrifuge tube. TNE buffer containing 35% and 5% sucrose was successively and carefully laid over the CHAPS cell extracts. The samples were spun at 4°C for 14 -16 h at 44,000 rpm in the SW55 rotor. Fractions were then collected in 0.5 ml volumes from top to bottom to yield a total of 10 fractions. The buoyant lipid rafts settled at the interface between the 35 and 5% sucrose as amorphous white material visible to the naked eye that were collected in fractions 2 and 3. Equal volumes of each fraction were then subjected to SDS-PAGE and immunoblotting.
RESULTS
LRP cytoplasmic tail promotes the physical association between BACE1 and APP
It has been shown by a FRET-based approach that LRP can associate with intracellular APP through both extracellular and cytoplasmic domains (19) , consistent with the finding of APP:LRP complexes. Furthermore, it has also been proposed that cytoplasmic adaptor proteins such as Fe65 might constitute a functional and physical link between LRP cytoplasmic tail and APP (39) (Fig. 1 ). LRP-ST was fused to EGFP since LRP-ST alone was relatively unstable (data not shown). Indeed, we could detect specific APP pull-down in LRP immune complexes when cotransfected with an LRP-D1/2 or LRP-CT, while only traces amounts of APP, probably attributable to endogenous LRP binding, were detected when transfected with APP alone ( Fig. 2A) . Similarly, APP also specifically coimmunoprecipitated with EGFP-tagged LRP-ST, demonstrating that the cytoplasmic tail of LRP alone can form complexes with APP (Fig. 2B) .
Recently, it was reported that the cytoplasmic tail of LRP but not the LDL receptor associates with BACE1 and that LRP itself undergoes BACE1-mediated cleavage (21) . As the LRP cytoplasmic domain interacted with both APP and BACE1 and increased APP CTF levels and A␤ generation (21, 36) , we hypothesized that LRP-ST might promote A␤ secretion by facilitating APP/BACE1 interaction. To test this, we transiently expressed different combinations of BACE1, "Swedish" mutant APP751 (Swe-APP751), EGFP-LRP-ST, and EGFP alone in HEK293T cells. We initially chose to study Swe-APP751 since it is an excellent substrate for BACE1, anticipating that Swe-APP751 forms more stable complex with BACE1 than wild-type APP. As previously reported (40, 41) , BACE1 overexpression reduced the level of full-length APP but increased the slower migrating 12 kDa APP ␤-CTF at the expense of the 10 kDa APP ␣-CTF (Fig. 3) . Because LRP-ST behaved similar to LRP-D1/2 and LRP-CT, we chose to continue the studies hereon with the EGFP-stabilized LRP-ST construct because it unequivocally demonstrates that the effects are due to the LRP cytoplasmic domain. Coexpression of BACE1 and Swe-APP with EGFP-LRP-ST increased the level of APP ␤-CTF by ϳ5-fold (Fig. 3) , indicating that LRP-ST stimulates BACE1-mediated cleavage of APP. This was accompanied by increased A␤ secretion by EGFP-LRP-ST compared to EGFP alone (Fig. 3) . Consistent with our hypothesis that the LRP cytoplasmic domain promotes A␤ generation by facilitating APP/BACE1 interaction, the amount of BACE1:APP immune complexes was similarly increased by ϳ5-fold in the presence of EGFP-LRP-ST in CHAPS solubilized lysates, even though the level of BACE1 or APP expression was virtually identical between transfected samples (Fig. 3 ). These results demonstrate that the LRP cytoplasmic domain can promote the amyloidogenic processing of APP via facilitating the physical association of APP with BACE1 and enhancing APP ␤-CTF generation, either directly or indirectly.
LRP-ST associates with lipid rafts and enhances the localization of APP and BACE1 to lipid raft microdomains
BACE1 is known to localize to cholesterol-rich lipid rafts, and its activity is highly concentrated in these membrane microdomains (5) . Furthermore, ␥-secretase activity and components (presenilins, nicastrin, pen-2, and aph-1) are also highly enriched in raft fractions, whereby the majority of A␤ is apparently produced (5, 8, 9, 42) . Because the LRP cytoplasmic domain could promote APP/BACE1 association and enhance A␤ generation, we hypothesized that LRP-ST promotes the trafficking of APP and/or BACE1 to lipid raft microdomains. To test this hypothesis, we transiently transfected Swe-APP751 and BACE1 with or without EGFP-LRP-ST, and 1% CHAPS cell extracts were analyzed by discontinuous sucrose density gradient fractionation as described previously (5) . When the fractions were immunoblotted using an antibody against the raft marker flotillin-1, fractions 2 to 4 were enriched for flotillin-1 in both EGFP and EGFP-LRP-ST transfected HEK293T cells (Fig. 4) . Similar data were obtained with another lipid raft marker caveolin-1 (not shown). Remarkably, EGFP-LRP-ST was strongly localized to more buoyant fraction 2 to 6 compared to EGFP alone, indicating that LRP-ST can associate with lipid rafts membranes (Fig. 4) . This distribution of EGFP-LRP-ST was mirrored by a strong redistribution of full-length APP and APP CTFs from heavier fractions 7-10 toward more buoyant fractions 2-6 compared to that of EGFP control transfection (Fig. 2, first and second panels), indicating that LRP-ST redistributes a fraction of APP to lipid raft membranes. In particular, APP CTFs (␣-and ␤-CTF) were redistributed to raft fractions 2 and 3 more than full-length APP (APP-FL). The presence of the fast migrating ␣-CTF in the raft fractions was also reported in previous studies (5, 43, 44) . As expected, BACE1 was present in both raft and nonraft fractions in both EGFP and EGFP-ST transfected cells. However, EGFP-LRP-ST transfection markedly further enhanced BACE1 localization in raft fractions 2 and 3 from heavier fractions 7-10, indicating that the LRP cytoplasmic tail not only promotes APP but also BACE1 delivery to lipid rafts. These results were consistent in multiple experiments, and similar results were obtained when wild-type APP751 was cotransfected with EGFP-LRP-ST in HEK293T cells (not shown). Moreover, EGFP-LRP-ST similarly enhanced wild-type APP localization in raft fractions in LRPdeficient 13-5-1 cells (Supplemental Fig. S1 ), indicating that endogenous LRP is not required for this activity of LRP-ST. These results taken together support our hypothesis that the cytoplasmic domain of LRP promotes APP/BACE1 association by acting as a scaffold and/or facilitating the trafficking of APP and perhaps BACE1 to lipid raft microdomains.
LRP is required for the vast majority of A␤ secretion and delivery of APP to lipid rafts
We and others previously demonstrated that cells lacking LRP produce lower levels of A␤ compared to their wild-type counterparts. This A␤ phenotype was reversed with reconstitution of full-length LRP, LRP-CT, or LRP-ST (34 -36) . To ascertain that endogenous LRP normally contains the activity in the amyloidogenic processing of APP using a different approach, we used the RNAi strategy to reduce endogenous LRP expression in CHO cells stably transfected with wild-type APP751 (CHO-APP751). As shown in Fig. 5A , transfection of siRNA targeted toward LRP greatly decreased endogenous LRP-␤ chain in a dose-dependent manner compared to a single-stranded sense control oligo. This was accompanied by a marked dose-dependent decrease in A␤ release into the conditioned medium without altering the levels of full-length APP (Fig. 5A) . In multiple experiments, LRP siRNA reduced A␤ secretion by an average of 82.2% (Ϯ6.0 se; nϭ6) compared to control sense strand oligo transfection. These results are not only consistent with the data from LRP-deficient cells but also clearly illustrate that endogenous LRP is required for the vast majority of A␤ secretion from wild-type APP (Fig. 5A, B) . To test whether endogenous LRP is similarly required for lipid raft delivery of APP, control and LRP siRNA transfected CHO-APP751 cells were subjected to 1% CHAPS extraction and sucrose density gradient ultracentrifugation to isolate lipid rafts in the buoyant fractions. In CHO-APP751 cells (unlike HEK293T cells), a significant fraction of full-length APP was present in raft fractions 2 and 3, whereas the vast majority of APP CTFs (␣-and ␤-CTFs) was found in these fractions (Fig. 5C) . In heavier fractions 6 -10, small amounts of APP CTFs, primarily ␣-CTFs were present (Fig. 5C) . Interestingly, Ͼ90% of LRP ␤ chain was concentrated in lipid raft fractions 2 and 3 in these cells (Fig. 5C) . Knockdown of endogenous LRP by siRNA selectively and markedly reduced full-length APP (APP-FL) in lipid raft fractions without significantly altering heavier fractions 5 to 10 (Fig. 5C ). Relative to fraction 10, the amount of APP-FL in raft fractions 2 and 3 was reduced by ϳ3-fold . LRP-ST promotes localization of APP and BACE1 to lipid raft microdomains. HEK293T cells were transiently cotransfected with Swe-APP751 and BACE1 with EGFP or EGFP-LRP-ST. Cells were lysed using 1% CHAPS buffer and subjected to discontinuous sucrose density gradient ultracentrifugation fractionation. All fractions (1-10) were collected in equal volumes and subjected to immunoblotting for fulllength APP and CTFs (CT15, first to fourth panels), BACE1 (B279, fifth, sixth panels), flotillin-1 (seventh, eighth panels), and EGFP (ninth, tenth panels). secondary to LRP siRNA transfection (Fig. 5C, D) . This was accompanied by even more robust reduction in APP CTFs in lipid raft fractions relative to fraction 10 by a factor of Ͼ10 on LRP siRNA treatment (Fig. 5C, E) . As expected, LRP siRNA markedly reduced the level of the LRP ␤ chain (Fig. 5C ). This treatment had no effect on the localization of raft markers, such as caveolin-1 (Fig.  5C ). These results demonstrate that LRP contributes to normal trafficking or localization of APP to lipid rafts and A␤ generation. As LRP-ST mimicked endogenous LRP in lipid raft targeting of APP, A␤ secretion, and APP ␤-CTF generation, we propose that the cytoplasmic domain of LRP significantly contributes to the proamyloidogenic activity of endogenous LRP.
Differential effects of LRP on A␤ secretion and lipid raft localization in the Swedish APP mutant
The familial AD Swedish APP (Swe-APP) mutation increases A␤ secretion by 3-5-fold in various cell culture models through increased ␤-secretase cleavage. It is well documented that the vast majority of A␤ derived from Swe-APP is generated along the secretory pathway and does not depend on endocytic processing (37, (45) (46) (47) , unlike wild-type APP in which ϳ80% of A␤ is generated after endocytosis from the cell surface (3, 4) . This may be explained by the fact that Swe-APP is a highly preferred substrate for BACE1 compared to wild-type APP, thereby enabling ␤-secretase cleavage by BACE1 on the way to the cell surface. In vitro, purified BACE1 exhibits up to 100-fold increased ␤-secretase activity on Swe-APP compared to its wild-type counterpart (48) . Given these profound differences, we next asked whether A␤ secretion and lipid raft localization of Swe-APP are also altered by endogenous LRP. LRP siRNA transfection led to ϳ80% reduction in LRP ␤ chain levels in CHO cells stably transfected with Swe-APP751, comparable to that achieved in wild-type APP751 expressing CHO cells (Fig. 6A) . Moreover, steady-state endogenous LRP levels in Swe-APP751 cells were similar to those in CHO-APP751 cells (not shown). However, in contrast to wild-type APP, the LRP knockdown had little to no effect on A␤ secretion from Swe-APP (Fig. 6A, B) . Similar to wild-type APP751, Swe-APP751-derived ␣-and ␤-CTFs were heavily concentrated in lipid raft fractions 2 and 3, although both ␣-and ␤-CTFs were detected at similar ratios in heavier nonraft fractions 7-10 ( Fig. 6C) . Consistent with the results of A␤ secretion, the distribution of APP CTFs in lipid rafts was not altered by LRP siRNA from Swe-APP (Fig. 6C, E) , demonstrating that LRP does not affect A␤ production or generation of ␤-secretase-derived CTFs in Swe-APP. Interestingly, the relative amounts of fulllength Swe-APP in lipid raft fractions 2 and 3 were substantially lower compared to wild-type APP (Figs. 5C,  D vs. 6C, D) . However, LRP siRNA further reduced full-length Swe-APP in lipid raft fractions (Fig. 6C, D) . This indicated that LRP does alter Swe-APP localization to lipid raft fractions but not within a pool that that appreciably contributes to the generation of APP CTFs and A␤. As Swe-APP dramatically increases A␤ production along the secretory route, this LRP-sensitive pool of full-length Swe-APP likely represents the minor fraction in the endocytic route, which does not significantly contribute to overall A␤ secretion. Thus, we interpret these results to indicate that endogenous LRP is critical for lipid raft delivery of APP and A␤ generation primarily in the endocytic but not secretory pathway.
DISCUSSION
Accumulating evidence has implicated lipid rafts as the major intracellular sites for amyloidogenic processing of APP (5, 6, 42) , as ␤-secretase (BACE1) and ␥-secretase components (PS1, APH-1, PEN-2, and Nicastrin) and their corresponding activities are highly enriched in rafts (7, 9, 42) . However, the manner in which APP is normally delivered to lipid rafts is unknown. In this study, we presented several lines of new evidence demonstrating the critical involvement of LRP and its cytoplasmic domain in amyloidogenic trafficking of APP to lipid raft microdomains. First, we showed by coimmunoprecipitation studies that an LRP minireceptor (LRP-D1/2), LRP-CT, and LRP-ST interact with APP, indicating that the cytoplasmic domain of LRP is sufficient for this interaction. Second, we showed that the LRP-ST construct is sufficient to enhance A␤ secretion, APP CTF generation, and the physical association of APP with BACE1. Third, we demonstrated that both LRP-ST and endogenous LRP robustly promoted APP trafficking to lipid rafts, where ␤-and ␥-secretase activities are highly enriched. Fourth, we provided convincing evidence that endogenous LRP is critical for localization of wild-type APP to lipid rafts and A␤ generation primarily in the endocytic but not secretory pathway. These results taken together illustrate that LRP, at least in part via its cytoplasmic domain, promotes the amyloidogenic processing of APP by facilitating APP and perhaps BACE1 trafficking to lipid rafts and strengthening their interactions.
Our results indicated that the LRP-ST increased APP CTFs and A␤ generation by promoting the physical association between APP and BACE1. Although the manner in which LRP promotes this process is not known with certainty, we propose two mutually inclusive models that can explain this phenotype. First, as the LRP cytoplasmic domain associates with both APP Figure 6 . Endogenous LRP does not alter A␤ generation associated with the secretory pathway of the Swedish APP mutant. A) CHO cells stably overexpressing Swe-APP751 were transfected with control single stranded sense oligo or LRP siRNA duplex (150 nM final concentration) twice over a 56 h period and conditioned medium was collected for 24 h thereafter. Lysates were subjected to immunoblotting for LRP (1704) and APP (CT15) and conditioned medium was immunoprecipitated and immunoblotted for A␤ (26D6). B) Graph represents quantitations of A␤ secretion from LRP siRNA (150 nM) transfected normalized to control oligo-transfected cells. Error bar represents se (nϭ4). C) After LRP siRNA (150 nM) or control transfections, cells were lysed using 1% CHAPS buffer and subjected to discontinuous sucrose density gradient ultracentrifugation fractionation. All fractions (1-10) were collected in equal volumes and subjected to immunoblotting for full-length APP and CTFs (CT15, first to fourth panels). D, E) Graphs represent quantitations of APP-FL and APP-CTFs in each fraction relative to fraction 10. Experiments were performed 3 times, and representative figures are shown. and BACE1 (19, 21) , LRP-ST may act as a scaffold on which APP and BACE1 are assembled. Indeed, it has been shown that LRP itself can also undergo cleavage by BACE1 much like that of APP (21) . As BACE1 is normally sorted to lipid rafts (5), the tripartite interactions between APP-LRP-BACE1 may, in part, explain the increased delivery of APP to lipid rafts secondary to LRP-ST overexpression. However, this model by itself does not sufficiently account for the observation that LRP-ST promoted both APP and BACE1 to lipid raft fractions. At present, we do not know whether the interactions between LRP cytoplasmic domain and BACE1 or APP are direct or indirect, since these observations were made by FRET-based or coimmunoprecipitation assays (19, 21) . In our coimmunoprecipitation experiments, we used 1% CHAPS as detergent for cell lysis. Under these conditions, lipid rafts are not solubilized. Thus, in a second scenario, it is possible that the increased APP/BACE1 pull down secondary to LRP-ST overexpression may not only reflect direct interaction between APP and BACE1 but also the enrichment of both proteins in clusters of CHAPS insoluble lipid raft membranes. If so, the increased lipid raft localization of APP and/or BACE1 by LRP-ST may account for the increased APP/BACE1 association observed in coimmunoprecipitation experiments. The observation that LRP-ST itself strongly associated with lipid rafts and promoted both APP and BACE1 delivery to these membranes suggests that in addition to the interactions among LRP-ST, APP, and BACE1, other proteins enriched in lipid rafts may also physically interact with LRP-ST. For example, LRP cytoplasmic domain is known to bind to PSD-95, a lipid raft resident protein that recruits voltage-gated potassium channel (Kv1.4) and ErbB4 receptor tyrosine kinase to lipid rafts (49, 50) . It is unlikely that PSD-95, which is expressed mainly in brain, recruited LRP to lipid rafts in the non-neuronal cells (HEK293 or CHO cells) used in this study. However, it is possible that other LRP binding scaffold proteins (e.g., FE65, Shc, Mint2, Dab1, and JIP-1 and -2) or yet unidentified lipid raft targeting proteins may interact with LRP cytoplasmic domain and recruit LRP-APP and/or LRP-BACE1 complexes to the lipid rafts where the frequency of APP/BACE1 interaction would be enhanced. If so, discovering the identity of such LRP-interacting lipid raft targeting molecules could provide further insights to designing strategies to block A␤ generation by targeting LRPmediated delivery of APP and/or BACE to lipid rafts.
Consistent with previous reports, we found that endogenous LRP is required for Ͼ80% of A␤ secretion from wild-type APP751 in CHO cells. The reduction in A␤ was similarly accompanied by strong reductions in the localization of APP and APP-CTFs in lipid raft fractions, demonstrating that LRP normally facilitates the entry of APP to lipid rafts and generation of APP-CTFs in these subcellular microdomains. Indeed, these results showed that LRP-ST without a membrane tether mimics endogenous LRP in promoting lipid raft targeting of APP and A␤ generation. Like LRP-ST, endogenous LRP cytoplasmic tail is expected to associate with APP and BACE1. In addition, the extracellular ligand-binding domains II and IV of LRP also interact with the extracellular KPI domain of APP (33, 51, 52) . Thus, we cannot rule out the possibility that endogenous LRP alters the lipid raft trafficking of APP via both the extracellular and cytoplasmic domains. Indeed, the loss of LRP cytoplasmic domain in an LRP minireceptor containing ligand-binding domain IV did not abrogate the interaction with APP770 (52) .
Lipid rafts are thought to be assembled in the Golgi apparatus, where sphingolipids are synthesized (53) , and these microdomains are concentrated in the early Golgi cisternae, plasma membrane, and endosomes, although they are apparently excluded from COPI vesicles (10) . We hypothesize that LRP promotes the entry of APP to lipid raft microdomains in the endocytic route of APP trafficking on the plasma membrane and/or endosomes. In both wild-type-and Swe-APPexpressing CHO cells, Ͼ90% of APP CTFs were found in lipid raft fractions, consistent with their generation in these microdomains. However, LRP knockdown dramatically reduced APP-CTFs in lipid rafts and A␤ secretion in wild-type APP but not in Swe-APP. The critical difference between wild-type APP and Swe-APP is that Swe-APP is a highly preferred substrate for ␤-secretase cleavage (48) . As such, the vast majority of A␤ from Swe-APP is generated along the secretory pathway and does not require endocytosis (37, (45) (46) (47) , whereas endocytic processing is apparently required for Ͼ80% of A␤ secretion in wild-type APP (3, 4) . Thus, we propose a model in which CTFs derived from Swe-APP are generated within lipid rafts in the Golgi complex in the secretory pathway independent of LRP, whereas CTFs derived from wild-type APP are generated within lipid rafts on the plasma membrane and/or endosomes in the endocytic pathway in an LRP-dependent manner. This notion is consistent with the function of LRP as an endocytic receptor that delivers cargo from the cell surface to endosomes/lysosomes and recycles back to the cell surface. Both LRP and APP endocytosis are mediated via a clathrin-coated pit mechanism (54, 55) , although the involvement of lipid rafts in this process has not been investigated. It has been proposed that APP and BACE1 are present in distinct rafts on the plasma membrane and that ␤-cleavage occurs after clustering of BACE1 and APP into the same raft platform on endocytosis (6) . This model is consistent with LRP in facilitating APP endocytosis and raft localization. As wild-type APP is a poor substrate for BACE1, LRP-mediated trafficking of APP to BACE1-containing lipid raft microdomains, particularly in endosomes where ␤-secretase activity is favored by the slightly acidic pH, would be expected to enhance ␤-CTF generation (56) . In contrast to APP-CTFs in lipid raft fractions, LRP knockdown reduced lipid raft localization of full-length APP in both wild-type and Swe-APP, albeit more robustly in wild-type APP. This LRP-sensitive pool in Swe-APP, unlike in wild-type APP, likely represents the minor proportion in the endocytic route of A␤ generation. This fraction of Swe-APP, however, would be insufficient to contribute to detectable changes in A␤ secretion or APP-CTF generation in lipid rafts as seen in our experiments. Indeed, the relative lipid raft localization of full-length APP in Swe-APP was markedly lower compared to wild-type APP, consistent with the notion that this LRP-sensitive pool of Swe-APP may be those that have escaped ␤-secretase cleavage in the secretory pathway. Taken together, we interpret these results to indicate that endogenous LRP primarily promotes the entry of APP to lipid raft membranes and A␤ generation in the endocytic pathway on the cell surface and/or endosomes.
Pietrzik and colleagues (34) previously demonstrated that the rates of APP endocytosis and A␤ secretion are reduced in LRP-deficient fibroblasts, both of which were corrected by stable transfection of LRP-CT. Although the magnitude of A␤ reduction (Ͼ80%) was more robust than the slower endocytosis (ϳ50%) in LRP deficient cells, these data are consistent with the notion that LRP-CT restored A␤ secretion at least in part by stimulating APP endocytosis. However, the current data also demonstrated that the delivery of APP to lipid raft membranes via an LRP-dependent pathway is also a critical determinant of A␤ generation. We propose that LRP-mediated endocytosis and lipid raft delivery of APP are related but separable phenomena. In comparing endogenous full-length LRP and transfected LRP-ST, several similarities and differences can be made. First, both transfected LRP-ST and endogenous LRP promoted A␤ generation and localization of APP to lipid rafts, indicating that the cytoplasmic domain of endogenous LRP at least in part contributes to this process. Second, LRP-ST does not have a transmembrane domain and does not alter the endocytosis of APP (36) , whereas endogenous LRP promotes APP endocytosis (34) . Third, overexpression of LRP-ST promoted A␤ production from both wild-type and Swedish APP (36; Fig. 3 ), whereas endogenous LRP promoted A␤ production only from wild-type APP in the endocytic pathway. Thus, these results indicate that without the constraint of the transmembrane domain, the soluble LRP-ST promotes A␤ generation in both endocytic and secretory routes of APP trafficking. This appears to be achieved by facilitating the physical association of APP and BACE1 in lipid raft membranes without altering APP endocytosis. Thus, the results from LRP-ST suggest that the effects of endogenous LRP on APP endocytosis and lipid raft delivery of APP are related but separable activities. This raises the intriguing possibility that sequences in the LRP cytoplasmic domain other than the major NPxY or YxxL endocytosis motifs (57) contribute to lipid raft targeting of LRP and APP. Further studies will be required to prove this hypothesis.
To our knowledge, LRP is the first molecule identified so far that is critical for the normal localization of APP to lipid raft membranes. Thus, we propose that the manner in which LRP cytoplasmic domain alters APP trafficking, particularly related to APP/BACE1 interaction and delivery to lipid rafts, can have important implications for a novel approach to inhibit A␤ generation. Conceivably, small peptide sequences derived from the LRP cytoplasmic domain or their nonpeptide peptidomimetics that can potentially block LRP-dependent delivery of APP to lipid rafts may be effective in inhibiting A␤ generation. This way, unintended side effects associated with inhibiting ␤-and ␥-secretase activities may be avoided.
